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Natural sensory input shapes both structure and
function of developing neurons, but how early expe-
rience-driven morphological and physiological plas-
ticity are interrelated remains unclear. Using rapid
time-lapse two-photon calcium imaging of network
activity and single-neuron growth within the unanes-
thetized developing brain, we demonstrate that
visual stimulation induces coordinated changes to
neuronal responses and dendritogenesis. Further,
we identify the transcription factor MEF2A/2D as
a major regulator of neuronal response to plasticity-
inducing stimuli directing both structural and func-
tional changes. Unpatterned sensory stimuli that
change plasticity thresholds induce rapid degrada-
tion of MEF2A/2D through a classical apoptotic
pathway requiring NMDA receptors and caspases-9
and -3/7. Knockdown of MEF2A/2D alone is suffi-
cient to induce a metaplastic shift in threshold of
both functional and morphological plasticity. These
findings demonstrate how sensory experience acting
through altered levels of the transcription factor
MEF2 fine-tunes the plasticity thresholds of brain
neurons during neural circuit formation.INTRODUCTION
The developing brain is extremely plastic, undergoing both func-
tional and structural changes to adapt to novel sensory inputs
(Katz and Shatz, 1996). As neural circuits form, functional plas-
ticity including synaptogenesis (Chen et al., 2010; Niell et al.,
2004), altered synaptic strength (Wu et al., 1996; Zhou et al.,
2003), and maturation of neuronal receptive fields (Dunfield
and Haas, 2009; Engert et al., 2002; Podgorski et al., 2012; Sa-
kaguchi and Murphey, 1985) coincide with extensive growth
and turnover of axonal and dendritic processes (Haas et al.,
2006; Hossain et al., 2012; Ruthazer et al., 2003; Sin et al.,
2002). However, the relationship between these physiological
and morphological changes, and the molecular mechanismscoordinating them remain poorly understood. In the mature
brain, functional neuronal plasticity has been well characterized,
such as activity-dependent long-term potentiation and depres-
sion of synaptic strength (LTP/LTD). Recent evidence supports
morphological correlates of LTP and LTD primarily involving
changes in number or morphology of dendritic spines, without
alterations of larger dendritic structures (Hofer et al., 2009;
Trachtenberg et al., 2002; Zhou et al., 2004). However, such
direct evidence for a relationship between functional and struc-
tural plasticity of dynamic neural circuit formation during early
brain development when larger morphological changes occur
is lacking.
One hallmark of plasticity is that synapses and neurons can
shift their response to plasticity-inducing stimuli based on their
recent history of activity (Abraham et al., 2001; Bienenstock
et al., 1982; Dunfield and Haas, 2009; Lee et al., 2010; Philpot
et al., 2003). Activity-dependent regulation of neuronal plasticity,
termed ‘‘metaplasticity,’’ may act to prevent runaway potentia-
tion or depression leading to plateau levels. This maintains
neuronal responses within a physiological range, enabling
further plasticity in response to future experience (Abraham,
2008). Such mechanisms may be especially critical in the devel-
oping brain during heightened periods of plasticity. While devel-
opment of models to investigate metaplasticity has been limited,
a robust shift in visual experience-driven functional plasticity can
be elicited in the Xenopus laevis tadpole optic tectum by brief
exposure to unpatterned white noise (WN) visual stimuli that
increases circuit activity without inducing detectable plasticity
(Dunfield and Haas, 2009). Here, we use in vivo two-photon
calcium imaging of tectal network activity and rapid time-lapse
imaging of individual growing tectal neurons within the intact
and unanesthetized brain to identify morphological correlates
of functional potentiation, depression, and metaplasticity during
critical periods of neural circuit formation. By employing novel
methods of dynamic morphometrics to identify, track, and
measure growth of all dendritic processes in 3D over periods
of hours, we find that functional potentiation and depression
are associated with stabilization and destabilization of newly
formed dendritic processes, respectively. Furthermore, we find
evidence for ‘‘structural metaplasticity’’ analogous to functional
metaplasticity since WN does not alter dendritic growth patterns
by itself, but shifts the growth response to subsequent plasticity-
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We identify the transcription factor myocyte enhancer factor 2
(MEF2) as a central regulator of both functional and structural
metaplasticity, employing a molecular cascade associated with
apoptotic cell death. The MEF2 proteins (MEF2A-D) belong to
a family of MADS (MCM1, Agamous, Deficiens, and Serum
Response Factor) box transcription factors originally identified
as regulators of muscle cell differentiation and development
(Olson et al., 1995; Shalizi and Bonni, 2005). MEF2 proteins are
also highly expressed throughout the developing brain, and in
mature neurons have been implicated in the activity-dependent
regulation of dendritic morphogenesis (Fiore et al., 2009; Shalizi
et al., 2006), synapse and spine number, and learning and
memory (Barbosa et al., 2008; Flavell et al., 2006; Vetere et al.,
2011) through a mechanism involving calcineurin-mediated
dephosphorylation.
Here, we identify a function for MEF2 in the developing brain in
which its expression level establishes the metaplastic state, or
plasticity threshold, dictating neuronal susceptibility to plas-
ticity-inducing sensory stimuli. In accordance with theoretical
models of metaplasticity (Bienenstock et al., 1982), MEF2 levels
are regulated by sensory stimulation that increases neuronal
firing in an N-methyl-D-aspartate type glutamate receptor
(NMDAR)-dependent manner. Brief periods of unpatterned WN
visual stimuli that induce changes in plasticity thresholds elicit
a rapid and temporary loss of MEF2 downstream from transient
activation of caspase-3, with a time course matching the dura-
tion of the plasticity changes. Although activity-driven caspase
degradation of MEF2 has been associated with triggering
neuronal apoptosis, we see no increase in cell death. Further-
more, we find that reduction of MEF2 alone without WN stimuli
is sufficient to induce a metaplastic shift in both functional
and structural plasticity. Together, these findings demonstrate
that enhanced neural activity driven by unpatterned sensory
experience induces persistent alteration in neuronal suscepti-
bility to subsequent sensory-driven plasticity of both functional
responses and morphological growth.
RESULTS
Sensory Experience Simultaneously Drives Functional
and Morphological Plasticity
While previous experiments demonstrate that sensory experi-
ence influences neuronal growth during early brain development
(Coleman and Riesen, 1968; Haas et al., 2006; Katz and Shatz,
1996; Ruthazer et al., 2003; Sin et al., 2002; Volkmar and Green-
ough, 1972), evidence from specific stimuli shown to induce
well-defined functional plasticity is lacking. In the Xenopus laevis
tadpole optic tectum, specific patterns of visual stimuli induce
lasting functional plasticity, indicated by persistent alterations
in the amplitude of visual-evoked synaptic responses and action
potential firing (Dunfield and Haas, 2009; Engert et al., 2002;
Zhou et al., 2003). The tectum receives direct innervation from
the retina and is homologous to the superior colliculus in
mammals. In vivo two-photon calcium imaging of the tadpole
brain loaded with the cell-permeant calcium-sensitive fluores-
cent dye Oregon Green BAPTA-1 (OGB-1) allows direct moni-
toring of the activity of 100 s of neuronswith single-cell resolution
(Dunfield and Haas, 2009, 2010). Somatic calcium transients42 Cell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc.reflect action potential firing (Podgorski et al., 2012), and visual
stimulation with brief, 50 ms wide-field OFF stimuli evokes
robust firing of stable amplitude when presented at 60 s intervals
over 145 min (Dunfield and Haas, 2009, 2010).
Specific visual training paradigms induce potentiation or
depression of responses to probing OFF stimuli. A ‘‘spaced
training’’ (ST) paradigm, consisting of repeated trains of high-
frequency 50 ms OFF stimuli (3 3 90 OFF stimuli of 50 ms dura-
tion at 0.3 Hz, spaced by 5 min intervals for 25 min) induces
long-lasting potentiation of the amplitude of neuronal responses
toOFF probing (Figures 1A and 1B). A second plasticity-inducing
visual experience paradigm, termed ‘‘invariant training’’ (IN),
consisting of 25 min of continuous nonvarying ambient light,
produces lasting depression (Figures 2A and 2B) (Dunfield and
Haas, 2009). These paradigms provide tools to evoke plasticity
of sensory evoked brain responses driven by visual sensory
experience within the intact and unanesthetized developing
vertebrate brain.
Here, we apply these plasticity-inducing visual stimuli to inves-
tigate morphological correlates of functional plasticity during
early neural circuit formation. Brain neuron growth was moni-
tored using in vivo rapid time-lapse two-photon imaging of newly
differentiated tectal neurons fluorescently labeled by single-cell
electroporation of plasmid encoding enhanced green fluores-
cent protein (EGFP) (Haas et al., 2001). Image stacks encom-
passing the 3D volume of each neuron’s entire dendritic arbor
were captured every 5 min over 145 min, including a 60 min
baseline, 25 min plasticity-inducing visual experience (ST or
IN), and 60 min posttraining (Figure S1A available online).
Throughout baseline and posttraining periods, 50 ms OFF
probing stimuli was presented at 60 s intervals to mimic condi-
tions of the functional plasticity experiments. Controls were
exposed to continuous 50 ms OFF stimuli at 60 s intervals for
145 min.
Analysis of dendritic growth behavior was conducted using
dynamic morphometrics by tracking and measuring all filopodia
on the entire dendritic arbor in 3D across 5 min time points
throughout 145 min imaging sessions to accurately measure
growth behaviors including length, motility, lifetime, and density.
These dynamic behaviors are influenced by factors that affect
cytoskeletal and membrane dynamics (Chen et al., 2010; Niell
et al., 2004; Vaughn, 1989). Synapse formation confers morpho-
logical stabilization to growing dendritic processes, resulting in
reduced filopodial motility and concomitant increased lifetime
(Chen et al., 2010). Destabilizing factors, such as weakening
or loss of synapses produces the opposite phenotype, with
increased motility and decreased lifetime. Imaging growth of
neurons expressing fluorescently tagged PSD-95, a postsyn-
aptic protein, demonstrate that filopodia with PSD-95 puncta
are more stable than newly extended filopodia lacking puncta
(Chen et al., 2010; Niell et al., 2004).
In order to test how ST and IN plasticity-inducing visual expe-
rience affects dendritic growth, filopodia were separated into
three groups: those present at the initial imaging time
point, ‘‘pre-existing’’; filopodia emerging during baseline, ‘‘pre-
training’’; and those added during and after training, ‘‘training
and posttraining.’’ Neurons from tadpoles exposed to ST ex-
hibited a gradual increase in filopodial density starting during
Figure 1. Visual-Experience-Driven Potentiation Is Associated with Morphological Stabilization and Sprouting
(A) Schematic of the ST visual stimulation paradigm.
(B) Mean (+SEM) tectal neuron-evoked Ca2+ responses show ST-induced potentiation (n = 4 tadpoles, n = 222 cells, p < 0.001, 40–60min posttraining, t test). Bar
denotes training period.
(C) Individual growing tectal neurons were imaged in vivo every 5min for 145min. Pictures show overlay of six consecutive time points at 5 min intervals (different
color for each time point; white = overlap). Scale bar = 20 mm. See also Figure S1.
(D–H) Morphometric analysis of all dendritic filopodial growth (control: n = 5 cells, n = 251 filopodia; ST = 5 cells, n = 467 filopodia). (D) Total filopodial density at
each time point (two-way ANOVA test). (E) Average filopodial lifetimes. (F) Average absolute motility (mean jD lengthj). (G) Average number of filopodia added or
eliminated within all 5 min epochs. (H) Cumulative probability plot showing the distribution of motility of pretraining filopodia (*p < 0.001, two sample Kolmogorov-
Smirnov comparison).
*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t test. Error bars indicate SEM. See also Table S1.
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Figure 2. Visual-Experience-Driven Depression Destabilizes Dendritic Growth
(A) Schematic of Invariant Training (IN) visual stimulation paradigm.
(B)Mean (+SEM) tectal neuronCa2+ responsesshowing IN-induced lastingdepression (n=5 tadpoles, n=273cells,p<0.001,40–60minposttraining,Student’s t test).
(C) Pictures show overlay of 6 consecutive time points at 5 min intervals during each period. Scale bar = 20 mm.
(D–H) Morphometric analysis of dendritic filopodia prior to, during, and after IN (control = 5 cells, n = 251 filopodia; IN = 5 cells, n = 261 filopodia). (D) Average
lifetime. See also Figure S1.
(E) Average absolute motility.
(F) Cumulative probability plot showing the distribution of motility of pretraining filopodia (*p < 0.001, two sample Kolmogorov-Smirnov).
(G) Average number of filopodia added or eliminatedwithin each 5min epoch. (H) Survival plot of percentage of pre-existing filopodia remaining at each time point.
*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t test. Error bars indicate SEM. See also Table S1.
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training, reaching an 86% increase after 85 min (Figures 1C and
1D). Morphometric analysis revealed that while ST had no effect
on pre-existing filopodia, it caused enhanced stabilization of
pretraining filopodia, evident from an increase in filopodial life-
time (Figure 1E) and decrease in motility (Figures 1F and 1H).
ST also promoted enhanced filopodial sprouting, with increased
rates of filopodial addition in the training and posttraining period.
The lifetime and motility of new filopodia was unchanged from
controls and increased density led to an increased retraction
rate (Figures 1G). These results suggest that the primary effect
of ST neural activity is to strengthen nascent synapses on newly
formed filopodia and to enhance filopodial sprouting.
Since NMDAR inhibition blocks ST-induced functional poten-
tiation (Dunfield and Haas, 2009), we tested whether ST-induced
morphological changes are also mediated through NMDARs.
The competitive NMDAR antagonist 2-amino-phosphonovaleric
acid (APV, 50 mM) was infused into the tectum directly prior to ST
stimulation. Strikingly, APV blocked ST-induced stabilization of
pretraining filopodia and the increase in filopodial turnover
during and after training (Figures 1E–1H).
Next, we applied dynamic morphometrics to determine the
growth affects of IN visual stimulation that induces lasting func-
tional depression (Figures 2A, 2B, and S1B) (Dunfield and Haas,
2009). Analysis of all dendritic filopodia across 5 min intervals for
145 min finds that IN prevents stabilization of labile processes.
Interestingly, the same population of pretraining filopodia that
were affected by ST were also influenced by IN with selective
decrease in lifetime (Figure 2D) and increase in motility (Figures
2E and 2F), demonstrating morphological destabilization likely
due to a reduction in synapse formation. IN had no effect on filo-
podial turnover (Figure 2G). Moreover, IN induced an enhanced
rate of retraction of stable pre-existing filopodia that were
present for the entire 60 min baseline, suggesting breakdown
of previously established synapses (control = 72.2% ± 13.7%,
IN = 26.8% ± 9.3% remaining, p < 0.01; Figure 2H). These find-
ings demonstrate that functional potentiation is associated with
stabilization of labile filopodia, and functional depression with
destabilization of both labile and stable filopodia.
White Noise Priming Induces Functional and Structural
Metaplasticity
We have previously demonstrated that visual experience-driven
plasticity in the developing retinotectal system shows meta-
plastic regulation, such that the history of firing alters the
neuronal response to plasticity-inducing stimuli (Dunfield and
Haas, 2009). Unpatterned WN visual stimulation, composed of
continuously varying durations and intensities of wide-field
OFF and ON stimuli increases tectal neuron firing activity, but
does not induce lasting plasticity of visual-evoked responses
(Dunfield and Haas, 2009; Ramdya and Engert, 2008). Present-
ing 1 hr of WN to unanesthetized tadpoles prior to ST induces
a switch in functional plasticity outcome from potentiation to
depression (Figures 3A and 3B).
While mounting evidence supports metaplastic regulation of
synaptic plasticity (Abraham et al., 2001; Philpot et al., 2003)
and neuronal firing rates (Dunfield and Haas, 2009), it remains
unknown whether structural plasticity is also subject to meta-
plastic rules. To test whether WN alters experience-drivenchanges in dendritic growth, we first measured whether WN
alone affects dendritogenesis using dynamic morphometrics.
Individual EGFP-labeled neurons were imaged in vivo every
5 min during 60 min pretraining, 25 min WN, and 60 min post-
training periods. Probing stimuli (50 ms OFF pulses) at 60 s inter-
vals were presented during pre- and posttraining periods to
match functional calcium imaging experiments. Tracing and
measurement of all filopodia and branches found that WN alone
has no effect on growth compared to controls (Figures 3C–3G).
In order to determine whether WN priming alters the effects of
visual training-induced structural plasticity as it does for func-
tional plasticity, we next imaged dendritic arbor growth in
tadpoles treated with WN prior to ST (Figures 3A and 3C). Strik-
ingly, WN priming dramatically altered the growth response to
ST. WN priming blocked the ST-induced increase in filopodial
turnover (Figure 3F) and shifted the ST response to a decrease
in lifetime and increase in motility of pretraining filopodia (Figures
3C–3E). Moreover, stable pre-existing filopodia that were
present for the entire 60 min of pretraining baseline retracted
with an increased rate, with only 29.6% remaining 60 min fol-
lowing ST (control = 72.2% ± 13.6%, WN = 72.8 ± 8.1, WN +
ST = 29.6% ± 8.1% remaining; p < 0.01; Figure 3G). Aswith func-
tional calcium imaging, we find thatWNpriming prior to ST, shifts
the structural plasticity outcome to resemble the effects of IN-
induced depression, with reduced morphological stabilization.
Since previous studies associate synapse formation with
dendritic process stabilization and synapse losswith destabiliza-
tion, we next coexpressed PSD-95-CFP and the space filler
yellow fluorescent protein (YFP) in individual neurons to simulta-
neously visualize changes in postsynaptic specializations and
growth. Individual neurons were imaged over two sequential
1.5 hr intervals. In the first period, ST tadpoles received 1 hr of
control continuous probing, while the WN + ST group received
1 hr of WN. ST stimuli was then applied to both groups (Fig-
ure 3H). We observed similar growth rates during the first
1.5 hr in both groups, consistent with our findings that WN alone
has no effects on growth. Control tadpoles responded to ST with
a dramatic increase in filopodia density (Figure 3I), increased
PSD-95-CFP puncta density (Figure 3J), and increased propor-
tion of filopodia with PSD-95 puncta (Figure 3K), suggesting ST
increases synapse formation while promoting filopodia stabiliza-
tion. In contrast, in tadpoles receivingWNpriming, ST decreased
filopodial and PSD-95 puncta density and reduced the
percentage of filopodia with puncta (Figures 3I–3K). Together,
these results demonstrate that structural and functional plas-
ticity is coordinated during development and correlated with
formation of postsynaptic specializations. Furthermore, like
functional plasticity, structural plasticity is metaplastically regu-
lated by sensory experience.
NMDARs Are Required for Both Functional
and Structural Metaplasticity
We next conducted a series of experiments to identify molecular
mechanisms mediating structural and functional metaplasticity.
We have previously shown that NMDARs are required for the
WN-induced metaplastic shift in ST functional plasticity (Fig-
ure 4B) (Dunfield and Haas, 2009). Therefore, to determine
whether structural and functional metaplasticity are regulatedCell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc. 45
Figure 3. Brief Unpatterned Visual Stimulation Alters Subsequent Morphological Response to Plasticity Stimuli
(A) Schematic of WN + ST visual stimulation paradigm.
(B) Mean (+SEM) tectal neuron Ca2+ responses in response to ST alone, andWN priming + ST (ST: n = 4 tadpoles, n = 222 cells; WN + ST: n = 5 tadpoles, n = 208
cells; p < 0.001, 40–60 min posttraining, Student’s t test).
(C–G) Dynamic morphometric analysis of all dendritic filopodia (control = 5 cells, n = 251 filopodia; WN = 4 cells, n = 247 filopodia, WN + ST = 5 cells, n = 223
filopodia). (C) Average lifetime. (D) Average absolute motility. (E) Cumulative probability plot showing the distribution of motility of pretraining filopodia. (F)
Average number of filopodia added or eliminated during each 5 min epoch. (G) Survival plot of percentage of pre-existing filopodia remaining at each
time point.
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Figure 4. NMDAR Blockade Inhibits the WN-Mediated Metaplastic Shift in Morphological Plasticity
(A) Schematic indicating APV (50 mM) infusion into tectum directly prior to 1 hr WN priming.
(B) Mean (+SEM) tectal neuron Ca2+ responses in tadpoles exposed to WN + ST (WN + ST: n = 5 tadpoles, n = 208 cells; APV +WN + ST; n = 5 tadpoles, n = 244
cells, p < 0.001, 40–60 min posttraining, Student’s t test).
(C–F) Dynamic morphometric analysis of dendritic filopodia (control = 5 cells, n = 251 filopodia; APV + WN + ST = 5 cells, n = 449 filopodia). (C) Average lifetime.
(D) Average absolute motility. (E) Average number of filopodia added or eliminated in each 5 min epoch. (F) Total filopodial density at each time point.
*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t test. Error bars indicate SEM. See also Table S1.by the same molecular pathways, we tested whether tectal
infusion of the NMDAR antagonist, APV (50 mM) prior to WN
alters its effects on ST-mediatedmorphological growth plasticity
(Figure 4A). We find that neurons in tadpoles exposed to APV
during WN followed by ST showed similar growth patterns to
ST alone. Dynamic morphometric analysis revealed an 88%
increase in filopodial density over 145 min (Figure 4F), increased
lifetime (Figure 4C), and decreased motility of pretraining filopo-
dia (Figure 4D), and increased filopodial addition during the
training and posttraining periods (Figure 4E). Since APV was
infused directly into tectum, this suggests a local role for NMDAR
activity rather than upstream changes in retina. Together, these(H–K) Tectal neurons expressing YFP and PSD-95-CFP imaged at 1.5 hr intervals
cells). (I) ST alone increased andWN + ST decreased filopodia density. (J and K)W
with PSD-95 puncta. See also Figure S1.
*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t test. Error bars indicate SEM. Seeresults demonstrate that induction of functional and structural
metaplasticity share a requirement for NMDAR activation.
WN Induces a Rapid Decrease in the Transcription
Factor MEF2
In order to identify components of themolecular cascades down-
stream of NMDARs contributing to WN-mediated metaplasticity,
we conducted a candidate screen for protein expression altered
by WN. Focus was directed to transcription factors previously
identified for roles in neuronal plasticity and developmental
expression. The transcription factor MEF2 was of particular in-
terest given recent evidence for a role in structural and functionalover 3 hr. Tadpoles were trained with ST alone (n = 3 cells) or WN + ST (n = 3
N + ST also decreased PSD-95 puncta density and the percentage of filopodia
also Table S1.
Cell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc. 47
Figure 5. Time Course of MEF2 Reduction following WN Corresponds to the Duration of Metaplastic Shift
(A and B) Western blots of tectal brain lysates demonstrate reduced MEF2A/2D levels following 1 hr of WN compared to controls, ST, or IN. See also Figure S2.
(C) Tectal infusion of APV (50 mM) prior to WN prevents the loss of MEF2.
(D) Time course MEF2 levels following 1 hr of WN (n = 3 blots; n = 12 tadpoles for each time point).
(E) Tectal infusion of the calcineurin inhibitor, FK506 (1 mM) before WN does not block reduction in MEF2 (see also Figure S3). Quantification (mean ± SEM) of
immunoblot band intensities (A–E) are normalized to the tubulin band (n = 3 blots; n = 12 tadpoles).
(F) Mean (+SEM) tectal neuron Ca2+ responses in tadpoles receiving ST directly, or 4 hr following I hr WN (WN + ST: n = 5 tadpoles, n = 208 cells; 4 hr post WN +
ST = 4 tadpoles, n = 199 cells; p < 0.001, 40–60 min posttraining, Student’s t test, compared to pretraining baseline).
See also Table S1.plasticity inmature brain (Barbosa et al., 2008; Flavell et al., 2006),
expression in developing brain (della Gaspera et al., 2009; Shalizi
et al., 2006), and neuronal growth abnormalities when knocked48 Cell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc.out (Fiore et al., 2009; Shalizi et al., 2006). We found that levels
of MEF2 were rapidly and dramatically reduced in tectal brain
extracts following WN in unanesthetized tadpoles (Figure 5A).
To determine whether this change in MEF2 expression is depen-
dent onneural circuit activityor is specific toWN,we testedeffects
of WN, ST, IN, or control stimulation. Western blots of MEF2
expression using a pan-MEF2 antibody show a dramatic
decrease in MEF2 levels only following 60 min of WN stimulation
(Figures 5A and 5B). Since blocking NMDARs by tectal infusion
of APV (50 mM) prior to WN blocks WN metaplasticity, we tested
whether APV also blocksWN-mediated reduction inMEF2 levels.
Indeed, we find blocking NMDARs during WN inhibits loss of
MEF2 (64% ± 12% of baseline, Figure 5C).
The MEF2A and MEF2D isoforms are highly expressed in
Xenopus tadpole brain (Figure S2), and WN decreased expres-
sion of both (Figure 5A). MEF2 phosphorylation is known to regu-
late its transcriptional activity (McKinsey et al., 2002). Since pre-
vious studies report that in hippocampal neurons, neural activity
increases MEF2 transcriptional activity through calcineurin-
dependent MEF2 dephosphorylation (Flavell et al., 2006), we
tested whether calcineurin is required for WN-mediated loss of
MEF2. We treated tadpoles with the specific calcineurin inhibitor
FK506 (1mM) (Schwartzetal., 2009)bybathapplication.Asaposi-
tive control to demonstrate effectiveness of FK506 for inhibiting
calcineurin in tadpole brain, we applied FK506 prior to IN training
and found it blocks experience-induced depression as reported
previously (Schwartz et al., 2009; Figure S3). Blocking calcineurin
did not inhibit WN-induced reduction in MEF2 (Figure 5E), indi-
cating that calcineurin-dependent pathways are not involved.
The Time Course of Metaplastic Shift in Plasticity
Responses Matches MEF2 Levels
Metaplasticity refers to a persistent alteration in neuronal
susceptibility to plasticity-inducing experience in response to
the recent history of activity. Due to a lack of models that induce
metaplastic shifts in plasticity responses by well-controlled
periods of altered neuronal activity, little is known of the time
course of metaplastic changes to the plasticity threshold. Given
our identification of MEF2 as a protein affected by a brief
manipulation that shifts plasticity thresholds, we examined
MEF2 levels in optic tectum at different time points following
WN. MEF2 levels dropped immediately following WN and re-
mained at low levels after 1 hr, before gradually recovering at
4 hr (WN + 4 hr = 70% ± 5%; Figure 5D). If MEF2 levels directly
contribute to experience-drivenmetaplasticity, thenMEF2 levels
would correspond to the duration of the WN-mediated shift in
functional ST plasticity. To test this possibility, we treated
tadpoles with WN, and waited 4 hr before conducting in vivo
calcium imaging of tectal responses to ST. We find that, similar
to the return of MEF2 protein expression, the metaplasticity
effects ofWNdiminishes after 4 hr, indicating a close relationship
betweenMEF2 levels and altered plasticity threshold (Figure 5F).
WN-Induced Metaplasticity and Reduction in MEF2 Are
Mediated through Caspases-9, -3/7
Previous studies in mouse cortical neurons have associated
decreased MEF2 levels with caspase cleavage and neuronal
apoptosis (Li et al., 2001; Okamoto et al., 2002). MEF2A/2D
contain multiple caspase target sites in their transactivation
domains and have been shown to be directly cleaved by cas-
pase-3 in recombinant in vitro systems. The canonical activationof caspase-3 occurs through two pathways: the extrinsic death
receptor pathway by activation of caspase-8, or the mitochon-
drial pathway via the Apaf1 apoptosome and caspase-9 (Slee
et al., 1999). In neurons undergoing excitotoxic insult, mitochon-
drial activation of caspase-3/7 cleaves MEF2 (Li et al., 2001;
Okamoto et al., 2002).
Here, we investigated whether the WN-mediated reduction in
MEF2 is downstream of activated caspases by employing tectal
infusion of cell-permeant caspase inhibitor peptides: ZVAD-
FMK (100 mM; nonselective caspase inhibitor), LEHD-FMK
(2 mM; caspase-9-preferring inhibitor), DEVD-FMK (2 mM; selec-
tive caspase-3/7 inhibitor), and WEHD-FMK (200 nM; inhibitor of
caspase-1/8). Broad inhibition of caspases, or selective block of
caspases-9 or -3/7 during WN prevented reduction in MEF2
levels, while inhibition of caspase-1/8 did not (Figure 6A). To
further confirm a role for the caspase-9, -3/7 pathway in WN-
induced MEF2 loss, we used synthetic antisense Morpholino
oligonucleotides (MO) that selectively knockdown expression
of Xenopus caspase-9 (vivo-MO-Casp9), compared to a control,
MO-control, whose sequence does not correspond to any
known Xenopus mRNA (Figure 6C). Following treatment with
vivo-MO-Casp9, WN did not activate caspase-3 (Figure 6D) or
induce MEF2 loss (Figure 6E).
We further investigated the potential involvement of caspase-
3/7 in WN-mediated reduction of MEF2 using two independent
measures. We employed direct in vivo imaging of caspase-3/7
activity using a DEVD peptide-conjugated dye, which becomes
fluorescent following cleavage (CellEventTM Caspase-3/7
Detection Kit, Invitrogen). Since this reaction is nonreversible,
resulting in cumulative labeling, we infused the sensor into
tectum 30 min or 4 hr following control probing, WN, or stauro-
sporine (STS), a strong inducer of neuronal apoptosis. We found
that tectal levels of activated caspase-3/7 significantly increased
30 min following WN and diminished to basal levels after 4 hr.
STS induced caspase-3/7 activation at 30 min, which increased
to high levels at 4 hr (Figure 6G). We confirmed these results
using western blot analysis with antibodies specific for activated
caspase-3, which found levels increased by 160% at 30 min
following WN, but subsequently decreased to baseline levels
at 4 hr (Figure 6H). Furthermore, WN-mediated activation of cas-
pase-3 was blocked by APV (50 mM) (Figure 6I) complementing
our results that inhibiting NMDARs blocks MEF2 degradation.
Since caspase activation is considered to be a terminal step in
the biochemical cascade leading to apoptotic cell death, we
tested whether WN induces tectal cell loss using in vivo imaging
of propidium iodide (PI) incorporation into dying cells. PI was
infused into tectum 30 min or 4 hr after WN, STS treatment, or
control continuous probing.While 4 hr of STS induced high levels
of cell death, WN had no effect on the low level of cell death
inherent in the developing brain (Figure 6J), suggesting that
the mode and duration of caspase-3 activation determines
the cellular response, whether shifting plasticity threshold or
inducing apoptosis. Such nonapoptotic roles of transient activa-
tion of caspases have recently been implicated in neuronal
plasticity (Jiao and Li, 2011; Li et al., 2010).
In order to determine whether the caspase-9, -3/7 pathway is
integral to WN-induced metaplastic shifts in plasticity thresh-
olds, we tested the effects of caspase-9 knockdown andCell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc. 49
Figure 6. Transient Activation of Caspase-3 Leads to MEF2 Loss and Is Required for the Shift in Plasticity Response
(A) Western blots of tectal brain lysates: inhibitors of pan-caspase (ZVAD), caspases-9 (LEHD), and -3/7 (DEVD), but not -1/8 (WEHD) prevent WN-mediated
reduction of MEF2. Quantification (mean ± SEM) of immunoblot band intensities normalized to tubulin.
(B) Mean (+SEM) tectal neuron evoked Ca2+ responses in tadpoles treated with WEHD or DEVD prior to WN + ST visual stimulation (WEHD + WN + ST: n = 4
tadpoles, n = 220 cells; DEVD + WN + ST = 5 tadpoles, n = 271 cells; ; p < 0.001, 40–60 min posttraining, Student’s t test, compared to pretraining baseline).
(C) Tectal vivo-MO-casp9 significantly reduces expression of caspase-9 precursor in vivo after 24 hr.
(D) Knockdown of caspase-9 prevents activation of caspase-3 by WN.
(E) Knockdown of caspase-9 prevents reduction of MEF2 by WN.
(F)Mean tectal neuron evoked Ca2+ responses (±SEM) in tadpoles treatedwithMO-control orMO-casp9 prior toWN+ST (MO-control +WN+ST: n = 5 tadpoles,
n = 251 cells; MO-casp9 + WN + ST = 4 tadpoles, n = 215 cells; ; p < 0.001, 40–60 min posttraining, Student’s t test, compared to pretraining baseline).
(G) In vivo caspase-3/7 sensor shows WN transiently activates caspase-3/7 while STS leads to persistent activation (n = 10 tadpoles/group).
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interference with caspase-3/7 activation. We infused vivo-MO-
Casp9 into tectum and performed calcium imaging of WN-
induced metaplasticity 24 hr later. Knocking down caspase-9
blocked the effects of WN priming on subsequent ST (Figure 6F).
We next tested whether blocking the activation of caspase-3/7
with DEVD-FMK inhibits WN-induced metaplasticity. Since
WEHD-FMK did not prevent WN-mediated reduction in MEF2
it was applied as a control. Inhibition of caspase-3/7, but not
caspase-1/8, blocked the metaplastic effects of WN priming
on subsequent ST plasticity (Figure 6B). Together, these findings
identify a nonapoptotic role of caspases, in whichWN transiently
activates caspase-3/7 leading to reduction of MEF2 and altered
neuronal plasticity thresholds.
MEF2 Knockdown Is Sufficient to Induce Functional
and Structural Metaplasticity
Since our results strongly implicate an important role for MEF2 in
metaplasticity, we examined whether a reduction in MEF2 alone
is sufficient to trigger a shift in plasticity response using morpho-
lino knockdown of MEF2A (MO-MEF2A) and MEF2D (MO-
MEF2D). Tectal infusion of vivo-MO-MEF2 (2A+2D) reduced
MEF2 levels at 24 hr comparable to WN (Figure 7A). MO-control
did not alter MEF2 levels. We tested for possible toxic effects of
vivo-MO by infusing PI into tectum 24 hr after MO-MEF2 or MO-
control and found no significant increase in dying cells compared
to untreated tadpoles. To test the effects ofMEF2 knockdown on
plasticity, we next infused vivo-MO-MEF2 into tectum and per-
formed calcium imaging of functional ST plasticity 24 hr later
(Figure 7B). We find that knocking down MEF2 by itself is suffi-
cient to shift the functional plasticity response to ST from poten-
tiation to depression (Figure 7C). We next tested whether MO
knockdown of MEF2A/2D in individual growing tectal neurons
alters structural plasticity induced by ST. Single-cell electropora-
tion was used to deliver MO-MEF2 or MO-control fused to the
fluorescent dye Lissamine to confirm cell loading, along with
Alexa Fluor 488 dextran as a space filler. Twenty-four hours later,
MO-MEF2 neurons exhibited increased filopodial addition rates,
similar to results from MEF2 knockdown in mouse cerebellar
granule neurons (Shalizi et al., 2006). Since increased additions
was not observed following the short-duration reduction in
MEF2 induced by WN, this may reflect a secondary effect inde-
pendent of metaplasticity. Interestingly, as with functional plas-
ticity, MO-MEF2 neurons demonstrated a shift in the structural
plasticity response to ST, evident as destabilization, with
reduced lifetime and increased motility of the pretraining filopo-
dia and more rapid loss of pre-existing filopodia (Figures 7D, 7E,
and 7G). Moreover, in MO-MEF2 neurons ST failed to increase
filopodial turnover (Figure 7F).
Together, these results reveal a novel pathway mediating
a metaplastic shift in plasticity threshold in the developing
vertebrate brain. WN visual stimulation drives glutamatergic
transmission activating NMDARs, which induces activation of(H) Western blots of tectal proteins showing cleaved (active) caspase-3 at 30 min
band intensities are normalized to control (n = 3 blots; n = 12 tadpoles for each t
(I) Western blot (n = 12 tadpoles for each group) and quantification (n = 3 blots) of
(J) PI staining of dying cells at 30 min and 4 hr following WN or STS (n = 6 tadpo
See also Table S1.caspases-9, -3/7, necessary for reduction of MEF2A/2D, leading
to altered response to plasticity-inducing sensory experience.
DISCUSSION
Coordination of Developmental Structural and
Functional Plasticity and Metaplasticity
By applying visual stimuli that induces lasting plasticity of visual-
evoked responses in brain neurons while conducting in vivo
rapid time-lapse imaging of single-neuron growth, we have iden-
tified strong evidence for coordination of structural and func-
tional plasticity during early neural circuit formation (Table S1).
Our findings demonstrate that dendritic filopodial stabilization
and destabilization are associated with lasting potentiation and
depression, respectively. During dendritogenesis, before spines
develop, filopodia are precursors of longer dendritic branches
(Hossain et al., 2012), and therefore mechanisms to selectively
maintain and extend, or retract filopodia have profound lasting
effects on larger dendritic arbor morphology and their contribu-
tion to network function. Given previous findings demonstrating
a role for synaptogenesis in conferring morphological stabiliza-
tion to nascent dendritic and axonal processes (Chen et al.,
2010; Liu et al., 2009; Niell et al., 2004) activity-dependent
synapse formation and maturation likely underlies both the func-
tional and structural plasticity observed here. This is supported
by our finding of increased PSD-95 puncta expression associ-
ated with the ST potentiation, which induces filopodial stabiliza-
tion, and decreased puncta associated with the WN-induced
metaplastic shift of ST that induces depression and process
destabilization. The coordination of experience-dependent syn-
aptogenesis underlying functional plasticity and dendritic arbor
growth may enable developing neural networks to self-organize
in a manner best optimized to process the specific sensory
inputs encountered during maturation.
The tremendous amount of activity-dependent plasticity
occurring during neural network development compared to rela-
tively stable mature circuits necessitates similarly robust mech-
anisms of metaplasticity to maintain plasticity thresholds within
a physiological range. The discovery that the application of brief
unpatterned visual experience that does not alter visual
responses yet changes neuronal susceptibility to subsequent
plasticity-inducing sensory stimuli has allowed further dissection
of the relationship between functional and structural plasticity.
Our findings that morphological plasticity in response to ST
can be shifted from stabilization to destabilization by priming
with brief WN demonstrate that morphological growth is also
metaplastically regulated.
Reduction in MEF2 Is Required and Sufficient to Shift
Plasticity Thresholds
Our finding that WN rapidly and transiently decreases levels
of the transcription factor MEF2, and that MEF2 regulatesor 4 hr following WN or STS (1 mM). Quantification (mean ± SEM) of immunoblot
ime point).
tectal proteins showing WN activation of caspase-3 is blocked by APV (50 mM).
les/group).
Cell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc. 51
Figure 7. Knockdown of MEF2 Shifts Plasticity Responses
(A) Infusion of vivo-MO-MEF2 into tectum significantly reduces expression of MEF2A/2D in vivo after 24 hr. Quantification (mean ± SEM) of immunoblot band
intensities are normalized to tubulin band (n = 3 blots; n = 12 tadpoles).
(B) Tadpoles received ST 24 hr after tectal infusion of MO-MEF2.
(C) Mean tectal neuron Ca2+ responses (± SEM) to ST in tadpoles treated with MO-control or MO-MEF2 (MO-control + ST: n = 5 tadpoles, n = 253 cells; MO-
MEF2 + ST = 4 tadpoles, n = 213 cells; p < 0.001, 40–60 min posttraining, Student’s t test).
(D–G) Dynamic morphometric analysis of dendritic filopodia prior to, during, and after ST (MO-control = 5 cells, n = 381 filopodia; MO-MEF2 = 5 cells,
n = 215 filopodia).
*p < 0.05, **p < 0.01, ***p < 0.001 Student’s t test. Error bars indicate SEM. See also Table S1.experience-driven shifts in plasticity responses uncovers an
unexpected role of this transcription factor during critical periods
of brain circuit formation. Recently, MEF2A/2D has been re-
ported to regulate activity-dependent excitatory synapse elimi-
nation and dendritic differentiation. In mature hippocampal
neurons, glutamatergic synaptic activity- and calcineurin-
dependent dephosphorylation of MEF2 elevates MEF2-depen-
dent transcription resulting in spine and synapse loss (Flavell
et al., 2006). In cerebellar cortex, similar activity-dependent cal-52 Cell 151, 41–55, September 28, 2012 ª2012 Elsevier Inc.cineurin-mediated dephosphorylation of MEF2A inhibits forma-
tion of postsynaptic dendritic structures (Shalizi et al., 2006).
Here, we find that in the developing vertebrate brain, enhanced
neural network activity driven by unpatterned visual input
induces rapid and transient loss of MEF2A/2D, independent of
calcineurin activity.
We further demonstrate that reduced MEF2 expression is
required for the induction of experience-dependent metaplastic
shift in plasticity threshold. Pharmacological approaches that
block WN-mediated reduction in MEF2 also prevent a meta-
plastic shift in plasticity, and reduction inMEF2 alone is sufficient
to trigger a shift in plasticity responses. While it is accepted that
metaplastic effects are initiated by the history of neuronal
activity, little is known about the duration of activity necessary
to initiate a change in neuronal responses or the time course of
this change. Previous studies in visual cortex and hippocampus
have reported that metaplastic effects can be reversed on the
order of 2 to 35 days (Abraham et al., 2001; Kirkwood et al.,
1996). Here, we are able to determine that the timeline of the
metaplastic shift in plasticity due to a brief 1 hr WN stimulation
corresponds to the transient reduction of MEF2 expression, re-
turning to near basal levels in 4 hr.
Our finding that activity-dependent reduction of MEF2A/2D
mediates a metaplastic shift in plasticity thresholds adds to
a growing list of recently identified nonapoptotic roles for
caspases in neuronal plasticity (Jiao and Li, 2011; Li et al.,
2010). While caspases may have originated to direct orderly
cellular disassembly and death in response to external apoptotic
signals (Slee et al., 1999), they have taken on additional roles
to translate extrinsic signals to nondeath pathways. We find
that in the developing brain, unpatterned visual experience
activates a novel signaling cascade regulating sensitivity to
plasticity-inducing stimuli, involving NMDAR activation,
caspase-9 mediated cleavage and activation of caspase-3/7,
which, in turn, leads to loss of MEF2A/2D, without inducing
cell death. These results are surprising given previous finding
implicating caspase-mediated MEF2 degradation in apoptosis
during excitotoxic neuronal stress (Li et al., 2001; Okamoto
et al., 2002). Recent studies have demonstrated a nonapoptotic
role of the mitochondrial pathway (caspases-9, -3/7) in LTD
(Li et al., 2010). A role for LTD in the effects of WN reported
here is not supported by the findings that WN does not
alter visual-evoked responses (Dunfield and Haas, 2009;
Ramdya and Engert, 2008), PSD-95 puncta, or dendritic
destabilization.
The identification of MEF2 as a master regulator of the meta-
plastic state or plasticity threshold suggests orchestration of
downstream effectors through altered transcriptional regulation.
Genome-wide analysis of MEF2 transcription has revealed
target genes with diverse actions at synapses, including proteins
implicated in both decreasing (arc, JNK, and SynGAP) and
increasing (Lgi1, adenylyl cyclase 8) excitatory postsynaptic
function (Flavell et al., 2008). Moreover, activity-dependent
MEF2 transcription regulates expression of a cluster of brain-
specific microRNAs, which, in turn, mediate posttranscriptional
regulation of synapse-associated mRNAs (Fiore et al., 2009).
MEF2-dependent transcription may represent a mechanism in
developing brain that coordinates local and global gene and
microRNA transcription to modulate neuronal sensitivity and
response to plasticity-inducing stimuli, without altering neuronal
growth and physiology directly.
Together our findings implicate a well-known transcription
factor and apoptotic pathway in activity-dependent regulation
of neuronal morphologic and functional plasticity. Involvement
of caspases in the loss of MEF2 to set the metaplastic plasticity
threshold adds to a growing list of nonapoptotic roles for these
proteases. It is becoming clear that caspase pathways aresensitive to excitatory synaptic transmission and can evoke
a spectrum of responses in neurons ranging from homeostatic
metaplasticity, synaptic plasticity, to excitotoxic cell death
depending on the extent of activation.
EXPERIMENTAL PROCEDURES
In Vivo Two-Photon Calcium Imaging
Oregon Green Bapta-1 AM (Molecular Probes, Eugene, OR) was prepared in
10 mM DMSO with 20% pluronic acid (Molecular Probes) and diluted 10:1
in Ca2+-free Steinberg’s solution (in mM): 116 NaCl, 1.2 KCl, 2.7 NaHCO3.
Dye solution was slowly delivered from a micropipette into the optic tectum
using low pressure (<10 psi) over 5 min using a Picospitzer III (General Valve
Corporation, Fairfield, NJ). One hour following OGB1-AM loading, tadpoles
were immobilized using brief (5 min) exposure to the reversible paralytic
pancuronium dibromide (2 mM, Tocris) and embedded under a thin layer
of agarose (1.0%, prepared with 10% Steinberg’s solution) in an imaging
chamber continuously perfused with oxygenated Steinberg’s solution at
room temperature (22C). Images were acquired by a custom-built two-
photon laser-scanning microscope, constructed from an Olympus FV300
confocal microscope (Olympus, Center Valley, PA) and a Chameleon XR
laser (Coherent, Santa Clara, CA). Optical sections through tectum were
captured using a 603, 1.1 numerical aperture, water-immersion objective
(LUMPlanFI, Olympus), and Fluoview software (Olympus). The tectum was
imaged at a resolution of 640 3 480 pixels and zoom factor of 1.53, en-
compassing a region of interest of 177 3 133 mm, allowing simultaneous
imaging of 100 neurons at a rate of 1.2 s per frame using a wavelength
of 910 nm.
Visual Stimulation
All experimental procedures were conducted according to the guidelines of
the Canadian Council on Animal Care and were approved by the Animal
Care Committee of the University of British Columbia’s Faculty of Medicine.
Visual stimuli were applied by a diode (590 nm) placed close to the tadpole’s
eye and whole-field light stimulation was controlled by custom written
software (Matlab, The Matworks Inc., Natick, MA). Three training stimuli
were employed: (1) IN, 25 min ON light stimulation, (2) ST, three sets of 90
500 ms OFF stimuli at 0.3 Hz, spaced by 5 min intervals, (3) WN, 60 min
of wide-field random variation of the diode voltage and duration between
empirically determined maximum and minimum intensity values within the
diode’s linear range.
In Vivo Time-Lapse Imaging of Dendrite Growth
Images of individual growing neurons within intact and awake embryonic
brain, labeled by single-cell electroporation (Haas et al., 2001) were captured
using two-photon microscopy. Tadpoles were paralyzed, embedded in a thin
layer of agarose, and placed in the imaging chamber as described in the Ca2+
imaging section. Entire dendritic arbors of individual tectal neurons were
imaged using optical sections with a z axis step of 1.5 mm, every 5 min over
145 min. To simultaneously visualize postsynaptic specializations and
morphology, individual neurons were electroporated with plasmids encoding
PSD-95 conjugated to CFP (PSD-95-CFP, a gift fromDr. A.M. Craig, University
of British Columbia) and YFP as space filler.
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